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ABSTRACT 
MONITORING THE PERFORMANCE OF GREEN 
INFRASTRUCTURE: 
PERVIOUS PAVEMENT AND BIORETENTION 
 
 
Elizabeth M. Regier, B.S. 
Marquette University, 2020 
 Milwaukee, like many other aging cities, struggles with combined sewer overflows, 
basement backups, and urban stream syndrome. It is increasingly looking to green stormwater 
infrastructure as a way to alleviate stormwater concerns by treating, retaining, and slowly 
releasing stormwater near the locations where it falls. However, green stormwater infrastructure 
varies in its performance, and few studies have been performed in Southeast Wisconsin. 
Therefore, two bioswales and a pervious pavement installation were monitored for water quantity, 
total nitrogen, total phosphorus, and total suspended solids. The bioswales were also monitored 
for dissolved phosphorus. The north bioswale reduced total phosphorus concentrations by a 
median of 71% and the south bioswale reduced total nitrogen, total phosphorus, and dissolved 
phosphorus concentrations by a median of 46%, 69%, and 80%, respectively. Significant 
exfiltration of water in the bioswales resulted in significant load reductions of 99-100% across all 
pollutants except total suspended solids from the south bioswale. Both bioswales effectively 
reduced total flow volumes and peakflows. The green alley reduced total suspended solids and 
total phosphorus concentrations by 97% and 61%, respectively. It is likely that a lack of 
infiltration in the system produced lower load reductions in total suspended solids and total 
phosphorus of 54% and 29%, respectively. However, at the green alley there was little change to 
total nitrogen concentrations or loads. Overall, this study shows that green stormwater 
infrastructure can effectively manage stormwater and provides additional guidance for the 
Milwaukee Metropolitan Sewerage District as they continue to expand their green infrastructure 
practices. Furthermore, this study can help guide state agencies such as the Wisconsin 
Department of Natural Resources develop more accurate stormwater crediting systems. 
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1. Introduction 
1.1 Motivation for Work  
Milwaukee, like many other aging urban areas, has challenges with stormwater 
management stemming from aging infrastructure combined with a growth of the impervious 
surfaces due to urbanization (Milwaukee Metropolitan Sewerage District 2010; Walsh et al. 
2005). The interior of the city is served by combined sewers. In these areas, large rainfall events 
can cause stormwater to quickly enter the combined sewer system, which can overload the sewer 
system and result in a combined sewer overflow (CSO) (Milwaukee Metropolitan Sewerage 
District 2019a) or basement backups (Milwaukee Metropolitan Sewerage District 2019b). 
Additionally, a significant portion of the Milwaukee metropolitan area is serviced by separated 
sewers, and these areas can suffer from urban stream syndrome. In these areas storm sewers 
discharge high volumes of runoff through outfalls with little to no treatment, resulting in stream 
damage from both erosion and contamination (Walsh et al. 2005). Furthermore, climate research 
suggests a general increase in the frequency of severe rainfall events (Intergovernmental Panel on 
Climate Change 2007; Milly et al. 2002).  A general increase in the frequency of severe rainfall 
events would put significant pressure on both separated and combined stormwater systems to 
handle the magnitude of flows. 
In recent years, cities with combined sewers have been under increased pressure from 
regulatory and environmental groups to reduce the number and magnitude of CSOs (The Clean 
Water Act 2011). The traditional approach to address these pressures has been through the 
construction of grey infrastructure. One approach is to build structures such as the Milwaukee 
Deep Tunnel that collect flows during heavy precipitation events and gradually send them to a 
treatment facility during drier periods of time (Milwaukee Metropolitan Sewerage District 2018). 
Another strategy for reducing combined sewer overflows is to separate wastewater and 
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stormwater flows by installing entirely new conveyance lines in key areas. The ongoing Omaha 
CSO project features this strategy among others in its plan to reduce CSOs in Omaha, Nebraska 
(City of Omaha 2018a; b). Both methods have been successful in reducing CSOs, but their 
construction and maintenance can be costly and, in some instances, disruptive to the day-to-day 
activities of an urban area. 
 Given the challenges in combined and separated stormwater systems, it is important to 
consider alternative approaches to traditional grey infrastructure. One emerging approach is green 
stormwater infrastructure that manages stormwater by capturing and infiltrating runoff at the 
source. Over the past decade, cities across the world have committed to invest significant 
resources into green stormwater infrastructure such as $1.3 billion in Milwaukee (Milwaukee 
Metropolitan Sewerage District 2018), $2.4 billion in Philadelphia (City of Philidelphia and U.S. 
Environmental Protection Agency 2011) and $5.3 billion in New York City (Bloomberg and 
Holoway 2010). In Milwaukee, this investment includes the construction of pervious pavements 
and bioswales, among other green stormwater infrastructure. Pervious pavements are similar to 
traditional pavements in structure and appearance, but rather than letting most rainfall run off, 
pervious pavements allow water to infiltrate through them (U.S. Environmental Protection 
Agency 2019). One of the more popular applications of pervious pavements are “green alleys” in 
which pervious pavements have been installed as a retrofit (Milwaukee Metropolitan Sewerage 
District 2013).  Bioretention structures are another type of green infrastructure that are made up 
of a treatment bed in the ground that captures, treats, and infiltrates through the underlying 
vegetated soil or through an underdrain. By slowly infiltrating stormflows, bioretention and 
pervious pavements can reduce stormwater peakflows and total volumes to sewers, reducing the 
magnitude and/or number of overflows in combined sewers and the severity of urban stream 
syndrome (erosion and water quality degradation due to the concentration and rapid release of 
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stormwater into streams, Walsh et al. (2005) in regions with separated sewers (U.S. 
Environmental Protection Agency 2019). 
 While green stormwater infrastructure shows promise as a stormwater management 
method, its application in Wisconsin is subject to uncertainties. The performance of green 
stormwater infrastructure is variable and could depend on multiple factors such as climate, 
technical design, and soil type, among others (Clary et al. 2017). However, there is a lack of 
studies in the unique weather, climate, and geomorphologic context in Milwaukee that can verify 
the performance of green infrastructure under the conditions in which they are installed in the 
region. Doing so is important for verifying the criteria that drive engineering design of green 
infrastructure in Wisconsin. For example, the Wisconsin Department of Natural Resources 
(WNDR) oversees the Wisconsin Pollutant Discharge Elimination System (WPDES), which 
mandates that municipalities demonstrate pollutant removal goals through a modeling approach. 
The models attribute specific pollutant removal efficiencies to bioswales and pervious pavements 
that are designed according to technical standards (Wisconsin Department of Natural Resources 
2015); however, the performance of these systems in Wisconsin has not been verified in the field. 
Relying on a modeling approach that is unverified could result in designs of green stormwater 
infrastructure that do not meet their intended goals.  
To this end, monitoring that can capture the performance of green stormwater 
infrastructure would be important to multiple stakeholders in Wisconsin. This includes 
municipalities who seek to optimize resources for stormwater management outcomes, regulators 
who set crediting schemes for green stormwater infrastructure installations, and engineers who 
design stormwater infrastructure. There is therefore a need for monitoring in Milwaukee that can 
verify the performance of green stormwater infrastructure to inform its future implementation 
within stormwater management strategies in the greater Milwaukee area. 
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1.2 Study Objectives 
The overall goal of this thesis is to evaluate the performance of green stormwater 
infrastructure practices to determine how they meet their design objectives as set forward by the 
Wisconsin Department of Natural Resources. This thesis contains two monitoring studies: one 
that was conducted at two bioswales located on urban farm in Milwaukee, WI, and one that was 
conducted at a green alley in Wauwatosa, WI. The study involving the urban farm offered the 
additional benefit of providing data relevant to urban agriculture, although this was not the 
primary focus at the site. The objectives of the studies were to 1) compare influent water quantity 
and quality to effluent quantity and quality, and 2) understand how the installation performs in 
comparison to its engineering design. In doing so, this thesis seeks to provide valuable data that 
can help inform future use of green stormwater infrastructure as a tool for managing stormwater 
runoff.   
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2. Literature Review 
2.1 Introduction 
 Monitoring studies of bioretention and pervious pavement studies date back to 2001 
(Clary et al. 2018). These studies have improved our understanding of how green stormwater 
infrastructure functions; however, they are not uniform in their findings regarding water quality 
or quantity management. This literature review will provide a representative view of current 
literature on bioretention and pervious pavement studies and current theory as to why different 
installations have produced different results. 
 This literature review will also draw on findings from the International Stormwater Best 
Management Practice (BMP) Database. The International Stormwater BMP Database is a 
collection of design information and monitoring data from over 600 BMP studies all over the 
world (Clary et al. 2018), of which most sites would be described as green stormwater 
infrastructure. Data is publicly available for download, and full-database summary reports are 
issued periodically. Most database findings featured in this literature review are from the 
summary report of the 2016 database by Clary et al. (2017). The 2016 database summary also 
analyzed the significance of differences between inflow and outflow. 
2.2 Performance of Bioretention Studies 
 Bioretention structures (also called rain gardens) are made up of a depressed area in the 
ground designed to let water infiltrate through the underlying soil, which is usually vegetated 
(U.S. Environmental Protection Agency 2019). Most bioretention structures have an underdrain 
underneath the soil media, and some installations feature an impermeable liner at the bottom. 
Bioswales are a type of bioretention structure that are long and skinny and frequently incorporate 
a slope into the soil media design to move water from one place to another (U.S. Environmental 
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Protection Agency 2019). The bioretention structures at Cream City Farms are bioswales, but 
monitoring studies of bioretention, bioswales and otherwise, are relevant to this study. 
2.2.1 Design Descriptions 
 Most bioretention monitoring studies (BMP database and otherwise) have taken place in 
watersheds of between 1,000 and 5,000 m2 (e.g. Dietz 2016; Hunt et al. 2008; Li et al. 2009) but 
some of these watersheds are less than 1,000 m2 (Hunt et al. 2006) while others exceed 10,000 m2 
(Kokkinos 2017). These watersheds also tend to be primarily made up of impermeable surfaces 
such as rooftops and asphalt and concrete parking lots (e.g. Brown & Hunt, 2011; Davis, 2008; 
Liu & Davis, 2014) or turf grass (Doan and Davis 2017; Li et al. 2009; Winston et al. 2016). This 
literature review only located two studies of bioretention structures collecting runoff from 
watersheds with an agricultural component (Dietz 2016; Kokkinos 2017), locating a gap in the 
current knowledge base, which this study seeks to fill. 
 Most bioretention installations reviewed contained engineered soil media, usually a mix 
of sand, topsoil and, in some cases, an additional soil amendment such as newspaper (Davis 2008; 
Passeport et al. 2009). Most bioswales in this review contained vegetation, although one study 
evaluated three bioswales, one of which had compost and vegetation, one which had vegetation 
and no compost, and one which had neither vegetation nor compost (Kokkinos 2017). The 
bioretention installations in this review had a few primary ways in which they varied. First, some 
installations had an impermeable liner at the bottom (e.g. Davis 2008; Dietz 2016), while others 
did not (e.g. Brown et al. n.d.; Hunt et al. 2008; Kokkinos 2017). Second, installations varied in 
their media depth, with media depths as low as 0.5 meters (Li et al. 2009) and as high as 1.2 
meters (Hunt et al. 2006). Finally, some installations contained internal storage zones (ISZs), 
which are regions at the bottom of a bioretention structure which are designed to hold water long 
after a storm has passed, often by adding an upturned elbow to the end of the outlet pipe 
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(Passeport et al. 2009). Other studies only evaluated conventionally drained installations (e.g. 
Brown and Hunt 2011; Kokkinos 2017), while others compared conventionally drained 
bioretention structures to those with ISZs (e.g. Hunt et al. 2006; Li et al. 2009). 
2.2.2 Quality Parameters 
 This study seeks to evaluate the performance of bioretention and pervious pavements 
with regard to water quality parameters that are relevant to Milwaukee Metropolitan Sewerage 
District (MMSD). For bioretention at Cream City Farms these parameters included: total 
suspended solids (TSS), total phosphorus (TP), dissolved phosphorus (DP), and total nitrogen 
(TN). The following review summarizes findings related to the performance of pervious 
pavements regarding these parameters. 
2.2.2.1 Total Suspended Solids 
 TSS measurements can be used to understand how clean stormwater is in general. The 
analysis of the International BMP database performed by Clary et al. (2017) found that, across 25 
different studies, median effluent concentrations (10.0 mg/L) were about 75% lower than median 
influent concentrations. This reduction in concentration was found to be significant according to 
the Clary analysis. 
 Reductions in TSS concentrations and loads in bioretention structures have been 
reproduced throughout the relevant literature, as was shown in the literature review conducted by 
Ahiablame et al. (2012). TSS reductions are primarily attributed to the filtering properties of 
bioretention media, though sedimentation appears to play a role as well (Brown and Hunt 2011a; 
Kokkinos 2017; Li and Davis 2008; Liu and Davis 2014). Increased soil media depth appears to 
enhance TSS performance by reducing the amount of water that overflows from the bioretention 
system and is therefore not treated (Brown and Hunt 2011a). Furthermore, Kokkinos (2017) 
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found that the addition of compost to the bioretention media had no effect on effluent TSS 
concentrations. 
 Reduction of TSS concentrations and loads by means of bioretention is typical, but not 
unanimous. Hunt et al. (2006) found a net export of TSS from a bioretention structure in North 
Carolina, while Kokkinos (2017) and Hunt et al. (2008) found insignificant TSS removal. 
Unsatisfactory TSS performance in the two Hunt studies was attributed to potential flushing of 
soil particles from the fill media. TSS reductions were consistent throughout all eight sampling 
events monitored by Kokkinos (2017), so TSS performance in the Kokkinos study may have 
suffered more from low statistical power due to a small number of sampling events rather than a 
mechanistic failure of the bioswales. 
2.2.2.2 Phosphorus 
Measurement and subsequent control of phosphorus concentrations and loads entering 
waterways is vital to their health as increased phosphorus can lead to eutrophication, which can 
be fatal to native wildlife (Correll 1998). According to Clary et al. (2017), bioretention structure 
studies show significant increases in TP concentrations and DP concentrations. In that analysis of 
the international BMP database, median bioretention inflows and outflows of TP were 0.13 and 
0.24 mg/L, respectively. Median inflows and outflows of DP were 0.11 and 0.40 mg/L, 
respectively. 
The Clary analysis suggested that while nutrients in the particulate form, such as 
phosphorus, can be filtered out of influent by the same means as TSS, nutrient export can result 
from poor planning and maintenance of soil media, fertilization schedules, and erosion control 
measures (Clary et al. 2017). This finding is supported by the review conducted by Li and Davis 
(2016), which explained that phosphorus in runoff is made up of particulate (PP) and dissolved 
(DP) phosphorus. Particulate phosphorus can be captured by filtration, but DP must be adsorbed 
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or precipitated by metals in the soil, taken up by plants, or released as effluent. Furthermore, 
organic matter (OM) can leach phosphorus over time (Li and Davis 2016). 
This understanding of phosphorus cycling in bioretention has support throughout the 
literature. Vegetation cells were found to have better phosphorus removal than un-vegetated cells, 
most likely due to plant uptake, while a cell with vegetation but no compost was found to reduce 
phosphorus better than a cell with vegetation and compost, most likely due to the lack of an 
organic phosphorus source (Kokkinos 2017). However, some studies have found plant uptake to 
be only a small fraction of phosphorus removal (Doan and Davis 2017). 
Several studies have related phosphorus reduction by bioretention to the phosphorus 
index (P-index) of soil media, which is a measure of the potential of the soil to release 
phosphorus (Natural Resource Conservation Service 2004). Installations with lower P-index soil 
media (lower potential for release of phosphorus into effluent) tend to outperform installations 
with higher P-index soil media (Davis 2007; Hunt et al. 2006), which is a finding that is also 
intuitive based on the definition of the P-index. A model for bioretention effluent concentration 
has been proposed in which an installation has a consistent short-term equilibrium constant (Ceq) 
and that effluent concentrations (Ce) will fall between equilibrium and influent concentrations 
(C0) (Li and Davis 2016). Assuming influent phosphorus concentrations do not change 
significantly over the long term, Li and Davis (2016) conclude that Ceq≈Ce≈C0 near the end of the 
soil media’s life. 
There exist further circumstances which can add complexity to phosphorus reduction in 
bioretention. Some studies have found that even bioretention installations with low p-index media 
can struggle to significantly reduce phosphorus concentrations if influent concentrations are 
already relatively low, suggesting the existence of irreducibly low phosphorus concentrations in 
stormwater treated by bioretention (Brown and Hunt 2011a; Hunt et al. 2008; Passeport et al. 
2009). Further research has shown that amending media with water treatment residuals can 
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enhance phosphorus removal (Liu and Davis 2014). In unlined installations, deep infiltration 
below the media, or exfiltration, can enhance phosphorus load reduction (reduction of the total 
mass of contaminant leaving the system, regardless of concentration) by reducing the total 
volume of water.(Brown et al. 2013).  
2.2.2.3 Nitrogen 
 Like phosphorus, excess nitrogen in waterways can lead to eutrophication-related 
impairments (Conley et al. 2009). Unlike phosphorus, nitrogen can leave a biogeochemical 
system as gaseous N2, N2O, or NH3 or be sorbed into soils or temporarily removed from effluent 
through plant uptake. 
In the Clary analysis of the international BMP database, bioretention studies showed 
median outflows of TN that were lower than median inflows at 1.04 mg/L and 1.24 mg/L, 
respectively (Clary et al. 2017). Total Kjeldahl nitrogen (TKN), which is a measure of the total 
amount of nitrogen that present as either ammonia or organic nitrogen (Nowak and Bryce 2015), 
was shown to be slightly, but not significantly greater in median effluent concentrations than 
median influent concentrations (Clary et al. 2017).  The Clary analysis also showed that median 
inflows and outflows of nitrite- and nitrate-nitrogen (NO2+NO3-N) were 0.35 and 0.42 mg/L, 
respectively, and differences were significant. 
Like phosphorus, current literature suggests that bioretention can filter particulate 
nitrogen out of stormwater. However, much of the nitrogen present in stormwater is not contained 
within filterable particulates. Therefore, much of the attention in the literature has been given to 
how soluble forms of nitrogen interact with bioretention on a biogeochemical level. 
Some of the studies in this review showed net increases in TN concentrations (Brown and 
Hunt 2011b; Hunt et al. 2006). Brown and Hunt (2011a) primarily attributed this increase to 
heavy mulch application and subsequent nitrate leaching, while the study by Hunt et al. (2006) 
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suggested that this increase may have come from a slowing of ammonification rates (conversion 
of organic nitrogen to ammonia) in saturated, anaerobic sections of the media. These studies also 
found that while bioretention increased concentrations, it decreased loads through decreased 
outflow due to exfiltration and evapotranspiration. While total load reductions are a primary 
water quality goal of bioretention, deep infiltration of nitrogen – particularly nitrate – is  
potentially hazardous, as nitrate-heavy drinking water can lead to developmental problems in 
young children (Shuval and Gruener 1972). 
Many studies have shown that bioretention removes some dissolved nitrogen species 
better than others, with nitrate typically be the least effectively removed (Hunt et al. 2006; 
Passeport et al. 2009). In some cases, there is even an increase in nitrate (Brown and Hunt 2011a; 
Hunt et al. 2008). One predominant explanation for this phenomenon relates to the fact that 
organic nitrogen, either from runoff or leached from particulate matter, must typically be 
converted into ammonia through ammonification, then converted into nitrite and then nitrate 
through nitrification before it can be denitrified and released from the bioretention installation as 
dinitrogen or nitrous oxide gas (Li and Davis 2014; Mitsch and Gosselink 2015). Studies suggest 
that conditions in the soil, such as lack or surplus of anaerobic conditions, could hinder any of the 
processes above (Hunt et al. 2006, 2008). 
Much attention has been given to studying the ability of bioretention cells with internal 
saturated zones to reduce nitrogen concentrations. While some have been successful in 
significantly reducing nitrogen concentrations (Dietz 2016), others have not, either due to 
insufficient contact with anaerobic conditions and/or lack of carbon available for denitrifying 
microbes (Passeport et al. 2009). This has prompted the study of saturated zones with an added 
carbon source such as woodchips or paper. These studies have shown promising nitrate 
reductions (Igielski et al. 2019). 
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Furthermore, there appears to also be a seasonal component to nitrogen reduction in 
bioretention. Nitrogen reduction appears to increase during warmer months due to increased 
microbial activity as well as increased infiltration and exfiltration (Brown et al. 2013; Hunt et al. 
2006).  
2.2.3 Quantity Parameters 
 Water quantity management through bioretention is a vital part of MMSD’s green 
stormwater infrastructure goals (Milwaukee Metropolitan Sewerage District 2013). By reducing 
total flows to sewers, reducing peakflows, and delaying peakflows, green stormwater 
infrastructure is designed to reduce pressure on traditional conveyance systems during large 
rainfall events, reducing the urban stream syndrome and the number and severity of combined 
sewer overflows (Davis 2008; U.S. Environmental Protection Agency 2018). A review of the 
flow mitigation in bioretention and bioswales are outlined in the following sections.  
2.2.3.1 Volume Reduction 
One of the primary ways in which bioretention can manage stormwater is by reducing the 
total quantity of water that enters sewers, typically expressed as an effluent to influent ratio 
(Davis 2008). Overall installation effluent/influent reductions are well documented and typically 
range from 40% to 97%, but this varies greatly between configurations, seasons, and storm events 
(Ahiablame et al. 2012). Unlined bioretention cells produce lower effluent/influent ratios than 
lined ones due to the ability of water to exfiltrate through the bottom of the cell (Li et al. 2009). 
This exfiltration can occur laterally as well as vertically (Winston et al. 2016). Ratios also vary 
seasonally, with warmer months producing higher evapotranspiration rates and, therefore, lower 
effluent/influent ratios than colder months (Hunt et al. 2006). Lower ratios exist for smaller 
storms and higher ratios for higher storms, as the storage space and exfiltration rates inherent in 
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bioretention cells will represent a smaller fraction of larger storms (Davis 2008; Doan and Davis 
2017; Li et al. 2009). 
Davis (2008) has suggested that researchers set a target ratio of 0.33 (based upon the 
rational method c values of undeveloped (c=0.3) versus developed (c=0.9) land), then report how 
frequently that target ratio is reached. In the studies that reported effluent/influent ratios in this 
way, target ratios were reached between 15% and 82% of the time (Davis 2008; Li et al. 2009). 
2.2.3.2 Peakflow Reduction  
 The term “peakflow” refers to the maximum flowrate that occurs a specific location (such 
as a curb inlet or bioretention outlet) during a storm. A consistent symptom of the urban stream 
syndrome is a flashier runoff hydrograph, with increased imperviousness leading to increased 
magnitude of peakflows(Walsh et al. 2005). Therefore, one goal of bioretention decrease these 
peakflows. Davis (2008) suggested a goal ratio of effluent to influent peakflow of ≤ 0.33, also 
based on the rational method ratio of the c values of developed and undeveloped land. Some 
bioretention cells have performed well on the metric of peak flow ratio, such as one study of three 
cells for which median peakflow ratios were less than 0.05 for all three cells (Winston et al. 
2016). In other studies, median peak flow rations have ranged from 0.4 to 0.48, with target ratios 
being reached or expected for between 30% and 99% of storms (Davis 2008; Li et al. 2009). 
2.2.3.3 Peakflow Delay 
 In addition to decreasing peakflows, bioretention structures can reduce the flashiness of 
urban stream hydrographs by delaying peakflows, with the goal of producing a delay ratio (time 
to influent peak to time to effluent peak) greater than or equal to 6 (Davis 2008). Median peak 
delays were between 2 and 200, with target ratios being reached or expected for between 25% 
and 80% of storms (Davis 2008; Li et al. 2009). 
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2.3 Performance of Pervious Pavement Studies 
2.3.1 Design Descriptions 
 Pervious (also known as porous or permeable) pavement can be made of an asphalt- or 
concrete-like continuous surface (Roseen et al. 2012), tile-like pavers that allow water to pass 
through and between them (Braswell et al. 2018; Van Seters et al. 2006), or grass pavers (Dreelin 
et al. 2006). Like bioretention, pervious pavement structures may or may not include an 
impermeable liner at the bottom (Roseen et al. 2012; Van Seters et al. 2006), and some 
installations have been designed with internal storage zones (Braswell et al. 2018). Some 
researchers have even experimented with pervious pavements with internal energy exchange 
systems (Tota-Maharaj and Scholz 2010). Many of these installations do not have liners in the 
bottom and are designed to exfiltrate water, so much attention has been given to the interaction 
between pervious pavement and the surrounding soils (Braswell et al. 2018; Dreelin et al. 2006; 
Rushton 2001). This includes the choice of whether to include a geotextile (Roseen et al. 2012; 
Tota-Maharaj and Scholz 2010). 
 Areas drained by pervious pavements tend to be smaller than those drained by 
bioretention (0.15 hectares or less). However, many installations have pervious pavement 
covering the entire area drained (Roseen et al. 2009). 
2.3.2 Quality Parameters 
 The green alley in this study was monitored for TSS, TP, and TN. These parameters were 
chosen for comparison to and contextualization of  regulatory requirements of the Wisconsin 
Department of Natural Resources (Wisconsin Department of Natural Resources 2015). The 
following review summarizes findings related to the performance of pervious pavements 
regarding these parameters. 
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2.3.2.1Total Suspended Solids 
 TSS removal from pervious pavement ranges from 0% to 94% (Ahiablame et al. 2012). 
However, pervious pavement installations in the BMP database have historically performed well, 
with median influent TSS concentrations of 93.7 mg/L and median effluent concentrations of 
26.0 mg/L (Clary et al. 2017). Differences between influent and effluent were significant. The 
papers reviewed herein typically saw greater load and concentration reductions in TSS than other 
contaminants, with some load and concentration reductions of nearly 100% (Braswell et al. 2018; 
Roseen et al. 2013). 
 Pervious pavements remove contaminants by allowing influent water that comes in 
through the pavement to trickle down through the underlying media, where contaminants are 
filtered out (Dreelin et al. 2006). Interception and sedimentation can also aid in TSS removal 
(Tota-Maharaj and Scholz 2010). Volume reduction from exfiltration can also enhance TSS load 
reduction (Roseen et al. 2013). Temperature and climate may have a limited impact on TSS 
removal, with TSS concentrations occurring year-round in a monitoring study conducted in a 
temperate climate (Roseen et al. 2009), and a lab study showing similar sediment removal 
between indoor and outdoor test rigs (Tota-Maharaj and Scholz 2010). Installations with internal 
storage zones (also known as internal water storage) may experience increased TSS removal, as a 
study of a pervious pavement installation with an internal storage zone had nearly 100% TSS 
concentration and load reduction (Braswell et al. 2018). 
 There was one study in this review in which average effluent TSS concentrations 
increased. However, this study found nearly a 100% reduction in TSS loads due to high volume 
reduction, and it was hypothesized that the increase in TSS concentrations occurred because 
solids became concentrated in the media when water exfiltrated, then were mildly flushed during 
periods of high flow (Roseen et al. 2013). 
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2.3.2.2 Phosphorus 
 TP removal by pervious pavement may not be as great as TSS removal, but the 
International BMP Database shows that pervious pavement generally decreases TP 
concentrations, with median influent concentrations of 0.19 mg/L and significantly different 
median effluent concentrations of 0.11 mg/L (Clary et al. 2017). However, the same analysis of 
the BMP Database showed significant, albeit slight, increases in DP concentrations (Clary et al. 
2017). These findings support the hypothesis of Braswell et al. (2018) that phosphorus removal 
came primarily from the filtration of particulate phosphorus. 
 Studies have generally shown that pervious pavement reduces overall TP loads and 
concentrations, but this finding is not unanimous. One study reported removal that was not 
statistically significant (Roseen et al. 2012), while others have reported phosphorus removal that 
was sometimes higher and sometimes lower than that from comparison watersheds (Rushton 
2001). There appears to be a seasonal component to TP reduction, as pervious pavement has been 
experimentally shown to reduce TP concentrations more in the winter than in the summer 
(Roseen et al. 2009). As with TSS, (Roseen et al. 2013) showed that while TP concentrations 
were higher in the pervious pavement effluent than in the influent, overall TP loads were reduced 
due to volume reduction, and increases in TP concentrations were likely caused by a 
concentrating/flushing effect. 
2.3.2.3 Nitrogen 
 Of the water quality parameters typically measured, nitrogen has had the most variable 
results in pervious pavement studies. The analysis by Clary et al. (2017) did not cover TN, but it 
did analyze TKN and NO2+NO3-N. Porous pavement studies showed median influent TKN 
concentrations of 2.20 mg/L and significantly different median effluent concentrations of 1.00 
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mg/L. On the other hand, NO2+NO3-N saw significant differences between influent and effluent 
concentrations of 0.59 and 1.36 mg/L, respectively (Clary et al. 2017). 
 Most pervious pavement studies show decreases in concentrations nitrogen species such 
as particulate organic nitrogen, TKN, ammonia nitrogen (Ahiablame et al. 2012; Braswell et al. 
2018; Rushton 2001; Tota-Maharaj and Scholz 2010) and either mixed results (Rushton 2001; 
Tota-Maharaj and Scholz 2010) or increases (Braswell et al. 2018; Roseen et al. 2009) in 
dissolved inorganic nitrogen and nitrate. This could be partly due to filtration of particulate 
nitrogen (Braswell et al. 2018). Low concentrations in TKN and ammonia nitrogen and high 
concentrations in dissolved inorganic nitrogen and nitrate are likely caused by the mostly aerobic 
conditions believed to be present in pervious pavements and their underlying media (Ahiablame 
et al. 2012), leading to nitrification, but little denitrification. This mix of increases and decreases 
in concentrations nitrogen species results in mixed findings in concentration changes in TN 
concentrations, with some studies reporting that pervious pavements increase TN concentrations 
(Dreelin et al. 2006) and others reporting that pervious pavements decrease TN (Braswell et al. 
2018) 
 In an attempt to find a way to reduce nitrate concentrations in pervious pavements, the 
study by Braswell et al. (2018) was conducted at a pervious pavement installation that included 
an internal storage zone to induce anaerobic conditions, and therefore, denitrification. However, 
nitrate concentrations were 230% higher in the effluent than the influent, which the authors found 
was most likely due to a lack of organic carbon and denitrifying bacteria in the saturated layer 
(Braswell et al. 2018). 
 As with other contaminants, nitrogen effluent loads can be lower than influent loads in 
spite of increased effluent concentrations if there is significant volume removal (Roseen et al. 
2013). Volume removal due to exfiltration may not be desirable because nitrate exfiltration to 
groundwater is a potential health hazard (Shuval and Gruener 1972). Therefore, Braswell et al. 
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(2018) tested samples from the internal storage zone of their installation at 12, 36, and 60 hours 
after a storm, finding that nitrate concentrations decrease to 0.02 mg/L within 60 hours after a 
storm. 
 Dissolved inorganic nitrogen was shown to be greater in pervious pavement effluent than 
in influent year round, with these increases primarily taking place during the summer, possibly 
due to increased microbial activity (Roseen et al. 2009). 
2.3.3 Quantity Parameters 
2.3.3.1 Volume Reduction 
 According to Ahiablame et al. (2012) pervious pavement installations typically reduce 
total volume by between 50% and 93%. Overall runoff reductions in this review ranged from 
22% (Braswell et al. 2018) to 95% (Roseen et al. 2013). This review shows only a slight link 
between soil conductivity and volume reduction as 22% to greater that 45% reductions were seen 
at sites with low-conductivity clayey soils (Braswell et al. 2018) while reductions of 42% and 
95% were seen at sites with higher-conductivity sandy and sandy clay soils, respectively (Roseen 
et al. 2013; Rushton 2001). The inclusion of internal saturated zones may enhance volume 
reduction due to drawdown and storage of water (Braswell et al. 2018). Many pervious pavement 
structures can capture the entirety of small storms, in some cases up to 6 mm (Ahiablame et al. 
2012; Dreelin et al. 2006). 
2.3.3.2 Peakflow Reduction 
 Many pervious pavement studies have shown promising results regarding peakflow 
reduction. Reported median peakflows in this review ranged from 82% (Roseen et al. 2009) to 
nearly 100% (Roseen et al. 2013) with other studies falling in between (Braswell et al. 2018; 
Dreelin et al. 2006; Roseen et al. 2012; Rushton 2001). However, peakflow reduction for large 
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storm events may be minimal for some installations (Rushton 2001). Peakflow reduction has also 
been found to have a season trend, with greater peakflow reductions occurring in winter than in 
summer (Roseen et al. 2009). 
2.3.3.3 Peakflow Delay 
 While most studies in which peakflow delay is analyzed report some sort of delay in 
peakflow, the degree of peakflow reduction varies between studies. Roseen et al. (2012) reported 
an average lag time of 1,275 minutes and average effluent time of peakflow to influent time of 
peakflow lag ratio of 5.0 (median of 1,195 minutes and 3.4 lag ratio, respectively). In a separate 
study of the same site, effluent lag ratios were greater in the winter than in the summer (Roseen et 
al. 2009). Rushton (2001) found smaller delays in peakflows from pervious pavement, with 
delays being nearly non-existent for larger storms. 
2.4 Monitoring Techniques 
 Monitoring techniques were similar across monitoring studies. Most monitoring studies 
used on-site tipping bucket rain gauges (Roseen et al. 2012; Rushton 2001; Van Seters et al. 
2006) or data was obtained by a nearby rain gauge operated by an organization such as the US 
Geological Survey (Hunt et al. 2006). 
 If the installation had an influent pipe or channel, flow was measured by installing a weir 
(Dietz 2016) or flume (Davis 2008; Li et al. 2009; Liu and Davis 2014) in the influent pipe and 
installing a pressure transducer (Kokkinos 2017) or bubbler (Davis 2008) behind the weir or 
flume to continuously measure water level. This water level could then be used to calculate 
flowrates (Roseen et al. 2013). Flow weighted samples were usually collected using an automated 
sampler (Liu and Davis 2014), but grab samples were taken for some studies (Dreelin et al. 
2006). If there was no inflow pipe, influent flows were either calculated from rainfall using a 
method such as the NRCS curve number method (Braswell et al. 2018; Li et al. 2009) or 
20 
 
Manning’s equation (Dreelin et al. 2006), and/or effluent flows were compared to those of a 
control watershed (Dreelin et al. 2006; Rushton 2001). 
 Effluent pipes were typically outfitted with either a weir (Braswell et al. 2018; Hunt et al. 
2006) or flume box (Rushton 2001) along with a bubbler (Braswell et al. 2018; Liu and Davis 
2014), pressure transducer (Dietz 2016; Hunt et al. 2006), or shaft encoder (Rushton 2001) for 
continuous water level/flow measurement. Flow weighted samples were almost always collected 
using an automated sampler (Braswell et al. 2018; Hunt et al. 2006; Li et al. 2009; Liu and Davis 
2014), although alternative methods, such as five-gallon buckets, have also been used (Roseen et 
al. 2013). 
 For both influent and effluent, field sample preservation before retrieval was an important 
consideration. If samples were not kept cool using a refrigerated autosamplers (Liu and Davis 
2014; Roseen et al. 2012) or ice (Rushton 2001), care was taken to retrieve samples quickly 
enough to minimize sample alteration based on the external environment (Dietz 2016). 
2.5 Summary of Research Objectives 
Green stormwater infrastructure has seen an emergence as a practice to manage non-point 
source runoff in Milwaukee; however, there are a lack of studies to determine how green 
stormwater infrastructure perform in Southeast Wisconsin. This is important for developing 
localized guidelines for green infrastructure design, verifying regulatory approaches for green 
stormwater credits, as well as providing demonstration sites that can serve to advance outreach 
and education of green stormwater infrastructure to stakeholders in the region. Furthermore, to 
the authors knowledge no studies have evaluated how green stormwater infrastructure performs in 
mitigating runoff from an urban farm. This unique application may result in different levels of 
runoff volume and suspended and dissolved pollutants than typical impervious land use 
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application. There is consequently a need for research to explore the performance of green 
stormwater infrastructure within these contexts. 
This thesis seeks to meet these gaps through two monitoring studies of green stormwater 
infrastructure: (i) two bioswales at an urban farm in Milwaukee, WI, and (ii) a green alley in 
Wauwatosa, WI. This studies each had three objectives: 1) compare influent water quantity and 
quality to effluent quantity and quality, and 2) understand how the installation performs in 
comparison to design standards.  
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3. Methods and Materials 
3.1 Cream City Farms 
3.1.1 Site Description 
 The case study location is an urban farm that consists of two farm fields which each drain 
into their own bioswale (Figure 3.1). They are arranged such that one field covers the northern 
portion of the farm and the other covers the southern portion of the farm, with a gravel driveway 
separating the two farms. Both bioswales have underdrains that discharge into an underground 
cistern that is used as storage for irrigation of the farm, with an overflow to the combined sewer 
system. The cistern has an active control valve that can divert storage in the cistern to the 
combined sewer system in the case of an overflow or a need to increase storage capacity in the 
event of an oncoming large rainfall event. The goal of the monitoring study was to evaluate the 
performance of the bioswales by measuring the flow rate and water quality entering the bioswales 
through overland flow and exiting in the underdrains that enter the underground cistern. The 
specific methods to do so are outlined in the following section.  
 
Figure 3.1. Overhead drawing of Cream City Farms; photo adapted from: 
(https://city.milwaukee.gov/homegrownmilwaukee/Cream-City-Farms. ). 
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3.1.2 Monitoring Methods/Equipment 
Since runoff enters into the bioswales as overland flow across the entire length of the 
bioswales, there is no way to measure flowrates directly. Therefore, precipitation data is needed 
to estimate runoff into the bioswales as overland flow. To do so, a Texas Electronics tipping 
bucket rain gage  with 6" diameter funnel was installed at the site on a pole in the middle of the 
field (Figure 3.2). This location kept the gage away from any obstacle obstructions that could 
interfere with precipitation and was easily accessible for data retrieval and maintenance. An 
Onset brand HOBO® pendant datalogger collected instantaneous rainfall data.  
 
Figure 3.2. Tipping bucket rain gage at Cream City Farms 
To measure the flow rate in the bioswale underdrains, the outflow pipes were fitted with 
Open Channel Flow 0.6-ft HS flume boxes. Two ISCO 6712 autosamplers took continuous water 
level measurements in the flume boxes (Figure 3.3). To measure water level, one autosampler 
used a bubbler water level meter (730 Bubbler Flow Module) and the other used a pressure 
transducer (720 Submerged Probe Flow Module). The water level readings from within the flume 
were then mathematically converted into flowrates using Equation 3.1 below: 
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𝑄 = −0.01047723 − 0.220549 × 𝐻0.5 + 17.34926614 × 𝐻1.5 + 360.8771555 × 𝐻2.5    (3.1) 
Where Q is the flowrate in liters per second and H is the water level in meters (Open Channel 
Flow 2020). 
These autosamplers were also used to collect samples of flow from the underdrain to test 
for water quality parameters. The two autosamplers used flow measurements to collect flow-
weighted water samples during periods of underdrain flow. In each case, the autosamplers were 
triggered to begin sampling once water level was detected in the flume, indicating a runoff event. 
A game trail camera was placed in the vault for qualitative visual information regarding outflows.  
    
Figure 3.3. Picture looking down into the vault that shows the two h-flumes at the outfall of the 
underdrains (left) and photo of ISCO samplers in the foreground and black containers in which they were 
housed in the background (right).  
Inflow water samples were collected from overland flow going from the farm fields and 
into the bioswales, with one collection point at each bioswale. To collect samples, holes were dug 
into the ground at the collection points and Thermo Scientific Nalgene Storm Water Samplers 
were partially buried. A French drain approximately 2 m in length was installed on either side to 
funnel overland runoff into the samplers (Figure 3.4). (Not pictured – approximately 40 cm x 40 
cm of plastic was placed on the ground around the canister to prevent erosion from entering the 
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samples.) One-liter collection bottles were placed in the samplers before each storm and were 
removed after the storm. These inflow samples were treated as flow-weighted samples, because 
in most cases they did not fill up all the way and therefore collected all overland flow that passed 
through the sampling area. In a few large events the samplers did fill all the way, which weights 
the sample slightly toward the beginning of the storm. This approach collects what is known as 
the “first-flush” of runoff pollution, which contains the highest levels of pollutant concentrations 
(Lee et al. 2002). Samples were collected within 24 hours of rainfall during summer and early 
autumn and within 48 hours in late autumn. Sample testing methods are described later in this 
chapter. 
 
Figure 3.4. Picture of influent sampling structure. 
3.1.3 Runoff Computation Methods 
 Runoff entered into the bioswales as overland flow, which prevented the direct 
measurement of inflow flowrates or volumes into the bioswales. Therefore, I developed an EPA 
SWMM model that estimated farm field runoff at the test site based upon precipitation from the 
tipping bucket rain gage (U.S. Environmental Protection Agency 2005). We chose to use SWMM 
because it has been successfully used to model green stormwater infrastructure in other studies, is 
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free to use, and is widely adopted as a rainfall-runoff model (Chen 2014; Palla and Gnecco 2015; 
Schmidt 2017; Yao et al. 2016). 
3.1.3.1 GIS Work 
A critical parameter of the model is the drainage area of each bioswale; however, due to 
farming activities it was unclear the extent of the farm that drained to each site. To delineate the 
drainage areas, elevation data at the site was obtained using drone observations. A Matrice 100 
drone with a Zenmuse X3 visual camera was flown over the site using Pix4D pilot software. The 
flight collected images at 50 m height with 95% overlap of images. These images were then 
processed within Pix4D Mapper software (Pix4D 2019). The software utilized structure-from-
motion (SfM) methodology to calculate a three-dimensional position for each pixel using the 
overlapping images (Snavely et al. 2008). Site imagery and elevation data were then analyzed 
using ArcMap software (Esri Inc. 2017) to delineate the watersheds for each bioswale (Figure 
3.5). 
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Figure 3.5. Overhead drone imagery of Cream City Farms with watersheds drawn on using ArcMap 
software. 
3.1.3.2 SWMM Model 
The stormwater runoff model was built and run using EPA SWMM software. It contained 
four subcatchments – one subcatchment for each of the farm fields and one subcatchment for 
each of the bioswales. The Natural Resources Conservation Service (NRCS) method was used to 
estimate infiltration. The model was run from the beginning of the study period to the end of the 
study period using kinematic wave routing to ensure efficient model runs. Rainfall data from the 
tipping bucket rain gauge were used for input rain data, and evaporation was estimated using 
average monthly values (Farnsworth et al. 1982). Antecedent soil conditions were a function of 
the number of days since the previous rainfall event. 
 Soils were judged to be of NRCS soil class C based on soil details from construction 
plans and field observations. Using Gupta (2008), the north bioswale was assigned a curve 
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number of 82 and the south bioswale was assigned a curve number of 84. (Differences in curve 
numbers were due to differences in the ratio of tilled ground to grass in the two farm fields.) 
Estimates using the Green-Ampt method produced a drying time of approximately 8 days, so this 
value was used as the drying time estimate for this study. The SWMM model also used a 
Mannings n roughness coefficient of 0.04 for the farm fields. Other parameters and their sources 
are shown in Table 3.1. 
Table 3.1. Parameter sources. 
Parameter Source 
Dates of storms Rain Gauge 
Precipitation Rain Gauge 
Subcatchment area In-house imagery/ArcGIS work 
Subcatchment width In-house imagery/ArcGIS work 
Farm field avg. slope In-house DEM/ArcGIS work 
Subcatchment % impervious Field observations 
Subarea routing In-house DEM/ArcGIS work, plans supplied by Reflo 
Bioswale slope Plans supplied by Reflo 
LID type Plans supplied by Reflo 
Bioswale Berm Height Plans supplied by Reflo 
Bioswale Soil Thickness Plans supplied by Reflo 
Bioswale Storage Thickness Plans supplied by Reflo 
3.1.4 Analysis Methods 
 After modeling was completed, final computations were made to evaluate the 
performance of the bioswales. Total volume of runoff into each bioswale was estimated using the 
SWMM model, and the total outflow volume for each storm was estimated from flowrate 
measurement according to the Equation 3.2, which is similar to that used by Kokkinos (2017): 
𝑉(𝑙) = ∑ (
𝑥𝑖−𝑥𝑖−1
2
) × (𝑡𝑖 − 𝑡𝑖−1)
𝑛
𝑖=1          (3.2) 
29 
 
Where V is the total volume over the course of the storm, n is the number of flowrate 
measurements over the storm, xi is the ith flowrate measurement in liters per minute, and t is the 
time between flowrate measurements in minutes (usually five minutes). 
 Comparison of inflow and outflow contaminant loading rates (in grams) for each storm 
required that flow volumes be multiplied by measured contaminant concentrations (in milligrams 
per liter) as follows: 
𝐿(𝑔) = 𝑉 × 𝐶 ×
1
1,000
          (3.3) 
Where L is the total load in grams, V is the total volume in liters, C is the total concentration in 
milligrams per liter, and 1/1000 is a conversion from milligrams to grams. 
 Outflow water quantity metrics were compared to inflow water quantity metrics for each 
storm using the following equations from Davis (2008): 
𝑅𝑝𝑒𝑎𝑘 =
𝑞𝑝𝑒𝑎𝑘−𝑜𝑢𝑡
𝑞𝑝𝑒𝑎𝑘−𝑖𝑛
        (3.4) 
𝑅𝑑𝑒𝑙𝑎𝑦 =
𝑡𝑞−𝑝𝑒𝑎𝑘−𝑜𝑢𝑡
𝑡𝑞−𝑝𝑒𝑎𝑘−𝑖𝑛
          (3.5) 
𝑓𝑣24 =
𝑉𝑜𝑢𝑡−24
𝑉𝑖𝑛
      (3.6) 
Where Rpeak is the ratio of the peak outflow in liters per minute (qpeak-out) to the peak runoff into 
the bioswale in liters per minute (qpeak-in), Rdelay is the ratio of the time of peak outflow in hours (tq-
peak-out) to the time of peak inflow in hours (tq-peak-in), and fv24 is the ratio of the total volume of 
outflow within 24 hours of the end of the storm (Vout-24) and the volume of inflow (Vin). Because 
our site often took longer than 24 hours to fully drain, this study did not place the 24-hour time 
restriction on outflow. Therefore, fv24 was simply fv in this study. 
 Additionally, similar equations were used to compare outflow water quality to inflow 
water quantity: 
𝑅𝑐𝑜𝑛𝑐 =
𝐶𝑜𝑢𝑡
𝐶𝑖𝑛
 (3.7) 
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𝑅𝑙𝑜𝑎𝑑 =
𝐿𝑜𝑢𝑡
𝐿𝑖𝑛
              (3.8) 
Where Rconc is the ratio of the outflow contaminant concentration in milligrams per liter (Cout) to 
the inflow contaminant concentration in milligrams per liter (Cin), and Rload is the ratio of the 
outflow contaminant load in grams (Lout) to the inflow contaminant load in grams (Cin). 
In some instances, volume and peak reduction performance were expressed as percent 
reduction. These are simply computed as follows: 
𝑃𝑒𝑎𝑘 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = (1 − 𝑅𝑝𝑒𝑎𝑘) × 100% (3.9) 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = (1 − 𝑓𝑣) × 100%              (3.10) 
 
3.2 Green Alley 
3.2.1 Site Description 
 The case study location of the green alley was located slightly southwest of the corner of 
North Ave. and 118th St. in Wauwatosa, Wisconsin. Wauwatosa is a suburb of Milwaukee and is 
serviced by MMSD. The green alley was made up of pervious pavers on top of a sand and gravel 
layer. At the bottom of this layer was an underdrain that discharges into a small vault fitted with a 
pipe that connected to the sewer. Above the vault was an overflow grate that allowed any 
overflow that could not safely infiltrate through the pavers to flow directly into the sewer. The 
site also had an observation well near the upstream end of the installation. 
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Figure 3.6. Green alley (left) and vault with underdrain (right) 
3.2.2 Monitoring Methods/Equipment 
 Similar to the bioswales, runoff into the green alley enters as overland flow and therefore 
it is not possible to measure inflows directly. To estimate runoff into the green alley, a modeling 
approach was used to estimate inflows based upon watershed characteristics and precipitation 
data. Precipitation data in 5-minute resolution was obtained from the MMSD precipitation gauge 
WS1229 in Wauwatosa approximately 1 mile south. To measure flow rates through the 
underdrain, the outlet pipe was fitted with an Open Channel Flow 0.6-ft HS flume box to 
facilitate sampling and accurate water level measurements (Figure 3.7). Water level was 
continuously measured in the observation well and the flume box using two Global Water model 
WL16U water level sensors. The water level in the flume box was then mathematically converted 
into flowrates using Equation 3.1. A game trail camera was placed in the manhole for qualitative 
visual information regarding outflows. 
 To collect water quality samples of the influent, samples were captured by hanging a 
Thermo Scientific Nalgene Storm Water Sampler from the side of the inflow grate. The 
stormwater entering the vault through the overflow grate was assumed to be representative of the 
stormwater infiltrating into the green alley. Space constraints within the vault prevented using an 
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automated sampler to collect underdrain samples, so one-liter outflow grab samples were 
collected by placing a Nalgene sampling bottle under the end of the flume box until it was full. 
These samples were collected by hand, usually shortly after a storm. This means that neither 
influent or underdrain sample were flow-weighted, and our results should be interpreted in light 
of this. However, despite not being flow-weighted they both provide an estimate of the runoff 
water quality entering and exiting the system.  
 
Figure 3.7. Flume and water level sensor in the green alley 
3.2.3 Flow Computation 
 Flow computation for the green alley was primarily for the purposes of contaminant load 
calculation. Underdrain flows were computed from depth-based flowrate data using Equation 3.1. 
Runoff leading to the pervious pavement and overflow drain of the green alley was computed 
using the rational method, as this method typically produces reasonable results for predominantly 
impervious watersheds such as that flowing into the green alley. Watershed area and percent 
permeability was estimated using Google Maps (Google 2020). The watershed was found to be 
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81% impervious and 19% lawn, so an overall rational coefficient of 0.68 was assigned using 
guidance from Gupta (2008). Areas covered by pervious pavement were counted as impermeable 
since they directly contributed runoff into the system. 
 The green alley exhibited a small, but nearly constant trickle out of the underdrain, even 
up to a week after rainfall, which is abnormal considering that WDNR pervious pavement design 
standards dictate a 72 hour drawdown period (Wisconsin Department of Natural Resources 
2016). This indicated that there was likely a small groundwater inflow into the green alley 
installation, Therefore, it was judged that his incoming groundwater would allow for minimal 
exfiltration, and while groundwater inflows were likely minimal, so was exfiltration. For the 
purpose of load calculations, it was assumed that all infiltration into the pervious pavement was 
released as outflow through the underdrain. This allowed for overflow to be computed as the 
difference between runoff volume and underdrain outflow. Effluent was then defined as the 
combination of underdrain outflow and overflow 
 Contaminant loads for influent (watershed runoff) and underdrain outflow were 
calculated using Equations 3.9 and 3.10. Overflow concentrations were assumed to be equal to 
influent concentrations, so effluent loads were computed using Equation 3.11: 
𝐿𝐸 =
𝐶𝐼×𝑉𝑂
1000
+
𝐶𝑈×𝑉𝑈
1000
     (3.11) 
Where LE is the effluent load in grams, CI is the influent concentration in milligrams per liter, VO 
is the overflow volume in liters, CU is the underdrain concentration in milligrams per liter, and VU 
is the underdrain outflow volume in liters. 
3.3 Contaminant Testing Methods 
A goal of this study is to compare the performance of green infrastructure to WDNR 
design standards, which provide credits to municipalities for TSS and TP reductions as part of the 
Wisconsin Pollutant Discharge Elimination System (WPDES) program (Wisconsin Department 
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of Natural Resources 2015). In addition, MMSD was interested in the mitigation of TN in the 
systems. Therefore, bioswales and green alleys were tested for TSS and TP. In addition all 
installations were tested for TN, and the bioswales were tested for DP for later storm events, as 
this parameter was added later in the study.  
Prior to runoff events, the autosamplers were filled with ice packs before a storm to 
preserve samples. The autosamplers were triggered to collect after the detection of flow in the 
underdrains. Samples were then collected within 24 hours of rainfall during summer and early 
autumn and within 48 hours in late autumn. Samples were then transported in a cooler from the 
field to the Water Quality Center for testing. 
Inflow and TN tests were performed using the Hach 10071 Test ‘N Tube Low Range 
Persulfate Digestion method (Hach 2014). All phosphorus in the samples was assumed to be in 
the form of phosphate based on Hach guidance documentation (Hach n.d.), so Hach method 
10209 Spectrophotometer ultra-low-range (Hach 2015), low-range (Hach 2016a), and/or high 
range kits (Hach 2016b) were used depending on the concentration of the sample. DP tests were 
performed by utilizing the phosphorus testing methods above for filtered samples. Pall 47-mm 
diameter A/E glass fiber filters and Merck 0.7 µm pore sized, 47-mm diameter hydrophilic glass 
fiber filters were used for filtration. TSS tests were performed according to Standard Methods for 
Water and Wastewater testing (American Public Health Association 2005). When possible, 
samples were tested in duplicate. 
3.4 Statistical Testing 
 Differences in concentrations and loads between influent and effluent were tested for 
statistical significance using Student’s T-test. They were tested as two-tailed heteroscedastic 
distributions using the “T.TEST” function in Microsoft Excel. P-values of less than 0.05 were 
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considered significant, and P-values between 0.05 and 0.10 were considered marginally 
significant.  
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4. Results 
4.1 Cream City Farms 
 There were 46 recorded runoff events at the north bioswale, with 25 of these events 
producing outflow from the underdrain. However, most of these underdrain outflow events did 
not produce enough outflow for adequate water quality samples to be collected, with only 9 
events producing outflow greater than 0.5 liters. Influent water sample testing resulted in 16 
events with TN tests, 17 with TP tests, 9 with DP tests, and 17 with TSS tests. Effluent water 
sample testing resulted in 2 events with TN tests, 3 with TP tests, 1 event with a DP test, and 4 
with TSS tests. 
 There were 47 recorded runoff events at the south bioswale, with 46 of these events 
producing outflow from the underdrain. No effluent samples or data were collected for two of 
these events due to loss of autosampler power. Similar to the north bioswale, many of these 
outflow events did not produce enough flow for adequate water quality samples to be collected, 
with 35 events producing more than 0.5 liters of outflow. Influent water sample testing resulted in 
18 events with TN tests, 17 with TP tests, 8 with DP tests, and 14 with TSS tests. Effluent water 
sample testing resulted in 13 events with TN tests, 15 with TP tests, 4 with DP tests, and 14 with 
TSS tests. However, influent and effluent did not occur simultaneously for every storm; there 
were only 9 TN, 8 total phosphorous, 3 dissolved phosphorous, and 8 total suspended events with 
both influent and effluent.  
 Both bioswales were built with impermeable liners. However, game trail camera footage 
from inside the vault into which the underdrains emptied showed evidence of cracking. 
Therefore, this analysis treated both bioswales as unlined swales in which exfiltration occurred, 
either into the ground or into the vault. Another complication to this study was slight sediment 
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buildup on the bottom of the flume boxes. This may have been partially responsible for the 
observed lack of significant TSS removal in this study. 
4.1.1 Quality 
4.1.1.1 North Bioswale 
 The north bioswale reduced total contaminant loads for all contaminants measured, with 
median load reductions of nearly 100% or greater and average load reductions of 70% or greater. 
Much of this reduction in contaminant loads came from volume reduction, as both TN 
concentrations were higher in effluent samples than in influent samples. Only one event had 
dissolved phosphorous concentrations for both inflow and outflow sampled, which showed a 
reduction from 0.4 mg/L to 0.29 mg/L. Otherwise data for storms for which there was both inflow 
and outflow quality tests conducted are shown in Figure 4.1. The bioswale reduced 
concentrations of TP with a median reduction of 71% and reduced TSS concentration with a 
median reduction of 48%. However, it increased TN when both influent and effluent were 
measured. 
(a)       (b)           (c) 
 
Figure 4.1. Concentrations in the influent and effluent at the south bioswale for TN (a); TP (b); and TSS (c) 
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Because there were several events in which only influent was captured, we evaluated the 
distribution of all influent concentrations. These are compared against the distribution of effluent 
concentrations in Figure 4.2. As illustrated, both the TSS and TN concentrations were on average 
higher in the effluent than in the influent, potentially due to a slight flushing effect; the total and 
DP concentrations were lower in the influent than effluent. It should be noted that for events in 
which there is no effluent, the concentration in the effluent is effectively zero, which is not shown 
in these graphs. When also considering volume, the loads of all pollutants were on average 
significantly less for all pollutants due to significant exfiltration of water (Figure 4.3).  
    
  
Figure 4.2. Box and whisker plot comparisons of influent and effluent concentrations at the north bioswale  
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Figure 4.3. Box and whisker plot comparisons of influent and effluent loads at the north bioswale 
 Results of T-tests for differences between influent and effluent concentrations and loads 
for all tested water quality parameters except DP are shown in Table 4.1. T-tests were not 
performed for DP because there was only one effluent measurement. TP concentration reductions 
were significant, but other concentration differences were not significant. The lack of significance 
for TN could be due in part to the relative lack of underdrain outflow events to sample and test. 
Total load reductions for TN and TP were significant, while load reductions for TSS were 
marginally significant. 
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Table 4.1. T-test results for the north bioswale. 
Parameter Concentration Load 
Total Nitrogen P=0.657 P=0.013* 
Total Phosphorus P=0.046* P=0.034* 
Dissolved Phosphorus - - 
Total Suspended Solids P=0.768 P=0.065† 
*Significant with P<0.05; †Marginally significant with 0.05<P<0.10 
4.1.1.2 South Bioswale 
 The south bioswale reduced median contaminant loads for all contaminants measured 
except for TSS, with median nutrient load reductions of nearly 100%, but median TSS increases 
of 46%. Average TP and DP loads were reduced by an average of 96% and 99%, but TN loads, 
on average, increased by 18% and TSS loads increased by an average of 124%. The reason for 
the large performance gap in TN was one storm for which there was a 1,277% export of TN. If 
this storm was eliminated from the analysis, there would have been a decrease of 97% for TN 
loads. However, there appeared to be no legitimate reason to remove this point, so it remained in 
the data. Comparison between the influent and effluent concentrations are shown in Figure 4.4. 
(This figure only displays information for storms for which both influent and effluent was tested.) 
As illustrated, the bioswale is largely effective at removing TP with a median reduction in 
concentration of 69%. TN concentrations were reduced by a median of 46% on with reductions 
found in 6 of the 9 events. Finally, there were increases of average TSS load and concentrations. 
However, for events with influent concentrations greater than 25 mg/L the TSS concentrations 
were reduced by 91%. 
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  (a)                (b) 
    
  (c)                (d) 
   
Figure 4.4. Concentrations in the influent and effluent at the south bioswale for TN (a); TP (b); DP (c) and 
TSS (d) 
Volume reduction was essential to the reduction of TSS loads, as average effluent TSS 
concentrations were greater than influent concentrations for influent concentrations less than 25 
mg/L. Figure 4.4 shows water quality statistics for the north bioswale, while Figures 4.5 and 4.6 
show box plots of water quality data. 
The performance is further illustrated in Figure 4.5, which shows the distribution of all 
influent and effluent concentrations captured. As illustrated, the median and mean concentrations 
for TP, DP and TN are lower in the effluent than the influent; however, they are higher for TSS. 
Even so, the highest concentrations observed in the influent are not near the highest observed in 
the effluent. When considering volume, in all cases the loads except TSS are reduced due to 
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reduction of volume in the bioswale (Figure 4.6). This produced a median load reduction of 99% 
for TP, nearly 100% for DP, 99% for TN. While an outlier significantly influenced the average 
percent reduction for TSS, the median load reduction was 66%. 
 
 
Figure 4.5. Box and whisker plot comparisons of influent and effluent concentrations at the south bioswale 
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Figure 4.6. Box and whisker plot comparisons of influent and effluent loads at the south bioswale 
Results of T-tests for differences between influent and effluent concentrations and loads 
for all tested water quality parameters except DP are shown in Table 4.2. TN, TP, and DP 
concentration reductions were significant, while TSS concentration increases were not significant. 
Total load reductions for TN and TP were significant, while load reductions for DP were 
marginally significant and changes in TSS loads were insignificant. 
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Table 4.2. T-test results for south bioswale 
Parameter Concentration Load 
Total Nitrogen P=0.007* P=0.013* 
Total Phosphorus P=0.010* P=0.047* 
Dissolved Phosphorus P=0.025* P=0.088† 
Total Suspended Solids P=0.224 P=0.325 
*Significant with P<0.05; †Marginally significant with 0.05<P<0.10 
4.1.2 Quantity 
 The north bioswale captured more than 226,000 liters of runoff from the north farm, or 
99% of all runoff over the monitoring period. Most peakflows were reduced by nearly 100% (a 
storm with no underdrain flows was considered to show a 100% reduction in peakflows). When 
there was underdrain flow, the time that passed between the beginning of a precipitation event 
and underdrain peakflow was, on average, 8.77 times greater than the time that passed between 
the beginning of a precipitation event and influent peakflow (median 4.41). These statistics are 
described in greater detail in Table 4.3. While effluent peakflows and total volumes were 
consistently lower than influent peakflows (Figures 4.7 and 4.8), peakflows were not always 
delayed (Figure 4.9). 
Table 4.3. North bioswale water quantity statistics 
parameter median average units 
volume ratio (effuent:influent) 0 0.0036 - 
volume captured 554 3649 liters 
volume captured 100% 99.7% - 
peak ratio (effuent:influent) 0 0.0015 - 
peak reduction 22.2 114 liters 
peak reduction 100% 99.8% - 
peak delay 13 17 hours 
peak delay ratio (effluent:influent) 4.41 8.77 - 
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Figure 4.7. North bioswale water volume by event. 
 
Figure 4.8. North bioswale peakflows by event. 
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Figure 4.9. North bioswale time to peak by event. 
The south bioswale captured more than 102,000 liters of runoff from the south farm, or 
60% of all runoff over the monitoring period. Peakflows were slightly less reduced in the south 
bioswale than in the north bioswale, with a median peak reduction of 97.9% and an average peak 
reduction of 94.3%. Peakflows were also delayed less in the south bioswale than in the north 
bioswale, with a median peakflow delay ratio of 1.32 and an average peakflow delay ratio 3.96. 
These statistics are described in greater detail in Table 4.4. The south bioswales reduced 
peakflows more consistently than the north bioswale did (Figure 4.12), and while there were a 
few events for which the south bioswale produced slightly more effluent than influent, effluent 
volumes were nearly always lower than influent volumes (Figure 4.10). Peakflows were 
consistently reduced by the south bioswale as they were with the north bioswale (Figure 4.9). 
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Table 4.4. South bioswale water quantity statistics 
parameter median average units 
volume ratio (effuent:influent) 0.04 0.49 - 
volume captured 430 1706 liters 
volume captured 96% 51% - 
peak ratio (effuent:influent) 0.021 0.057 - 
peak reduction 16 83 liters 
peak reduction 97.9% 94.3% - 
peak delay ratio (effluent:influent) 1.32 3.96 - 
peak delay 0.67 2.79 hours 
 
 
Figure 4.10. South bioswale volume by event. 
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Figure 4.11. South bioswale peakflow by event. 
 
Figure 4.12. South bioswale time to peak by event. 
4.2 Green Alley 
 There were 24 precipitation events at the green alley, of which 15 produced significant 
outflows beyond the typical trickle coming from the underdrain. There were 14 influent and 14 
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effluent samples tested for TP, 12 influent and 12 effluent samples tested for TN, and 16 influent 
and 16 effluent samples tested for TSS.  
4.2.1 Quality 
 The green alley had a near constant trickle, indicating that there were likely slight 
groundwater inflows. Therefore, it was assumed that there was negligible exfiltration. Influent 
was considered to be all runoff from the site and effluent was considered to be the combination of 
underdrain flow and overflow. A comparison of the influent and effluent concentrations is given 
in Figure 4.13. The green alley reduced both concentrations of TP and TSS, with median 
influent/underdrain concentration reductions of 61% for TP and 97% for TSS. However, nitrogen 
mitigation was less effective with a median reduction of 21% and mean reduction of -36%. The 
distribution of influent and effluent concentrations is further illustrated in Figure 4.14.  
(a)       (b)           (c) 
    
Figure 4.13. Concentrations in the influent and effluent at the south bioswale for TP (a); TN (b); and TSS 
(c) 
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Figure 4.14. Distribution of influent and underdrain effluent concentrations at the green alley. 
An assumption of the green alley was that the difference between the calculated runoff 
and the underdrain volume would produce overflow. This was because of a high water table that 
contributed constant inflow into the stystem. Therefore three different loads were computed: 
inflow or influent into the green alley, underdrain flow, and overflow. This is illustrated in Figure 
4.15, which compares the influent load, underdrain effluent, and total effluent (underdrain plus 
overflow) for the different water quality parameters. Due to overflows, the green alley moderately 
reduced TP and TSS loads, with median influent / total effluent load reductions of 14% for TP 
and 47% for TSS. If only considering the flows that entered directly into the green alley, load 
reductions were better with 70% for total phosphorous and 97% for TSS. On the other hand, the 
green alley appeared to increase TN loads on average for underdrain effluent and total effluent.  
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Figure 4.15. Distribution of influent, undertrain effluent, and total effluent loads at the green alley. 
Table 4.5. T-test results for the green alley. 
Parameter Concentration Influent vs. underdrain 
load 
Influent vs. effluent 
load 
Total Nitrogen P=0.73 P=0.68 P=0.53 
Total Phosphorus P<0.01* P=0.01* P=0.26 
Total Suspended Solids P<0.01* P<0.01* P<0.01* 
*Significant with P<0.05; †Marginally significant with 0.05<P<0.10 
4.2.2 Quantity 
Water quantity was evaluated primarily for the computation of influent and effluent 
contaminant loads. Median runoff into the green alley was estimated at 12,858 liters, with an 
average runoff of 27,363 liters. Measured green alley underdrain flow was, on average 18,583 
liters, with a median of 8,055 liters. Overflow was assumed to be the difference between runoff 
and underdrain flow. Underdrain flow and overflow had a similar relationship to watershed runoff 
except at high volumes, when underdrain flow represented a larger fraction of flows (Figure 
4.16). 
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Table 4.6. Green alley water quantity statistics 
 Median Average Units 
Precipitation 0.62 1.29 cm 
Watershed runoff 12,858  27,363  liters 
Green alley underdrain flow 8,055  18,583  liters 
Overflow 9,655  13,502  liters 
 
 
 To further explore the interaction between underdrain flow and overflow, these two 
variables are plotted against the total watershed runoff in Figure 4.16. As illustrated, for the most 
part there is a near equal amount of underdrain flow and overflow for these events. However, at 
higher flows it appears that more water enters into the green alley and leaves as underdrain flow. 
This would appear to conflict with the notion that as water saturates the green alley during larger 
events, more water will overflow. This could be due in part to the interactions with the water 
table, where larger events result in a raising of the water table and therefore greater infiltration 
into the green alley. It could also be an artifact of the methods or assumptions used in this study. 
 
Figure 4.16. Green alley watershed runoff vs. underdrain flow and overflow 
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4.3 Comparison to WDNR standards 
Municipalities in Wisconsin are required to obtain a permit for their stormwater discharge 
through the Wisconsin Pollutant Discharge Elimination System (WPDES) administered by the 
WDNR. This program requires municipalities to demonstrate an 80% TSS removal in their 
jurisdiction using a modeling approach. In some cases, such as municipalities that discharge to a 
waterbody impaired through the Total Maximum Daily Load (TMDL) program, they must show 
removal of additional pollutants such as nutrients. The modeling approach promoted by the 
WDNR is WINSLAMM (Voorhees et al. 2019). This software attributes percentages of pollutant 
removal for green stormwater infrastructure. Specifically, the guidelines attribute pollutant 
removal concentrations to flow that exits the underdrain for bioretention and pervious pavements 
(Wisconsin Department of Natural Resources 2015). A comparison of the three systems to these 
criteria are shown in Table 4.7. This table illustrates the removal percentages attributed to the 
model, as well as the median pollutant removal for observed storms. The bioswales exceed the 
credit of 0% for TP removal, but do not meet it for TSS. However, for influent concentrations 
>25 mg/L the median reduction at the south bioswale is 91%, which exceeds modeled removal. 
The green alley exceeds the criteria for both TSS and TP.  
Table 4.7. Median pollutant concentration reduction from influent to effluent in the underdrain and 
modeled reductions attributed to green infrastructure by WINSLAMM 
  
TSS 
Removal 
TP 
Removal 
Bioswale WINSLAMM Model  80% 0% 
North Bioswale 48% 71% 
South Bioswale -46% 69% 
   
Pervious Pavement WINSLAMM Model 65% 35% 
Green Alley 97% 61% 
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5. Discussion  
This thesis presents the results from a monitoring study of two bioswales and a green 
alley in Milwaukee, WI. Results show that the bioswales are effective at exfiltrating and 
evapotranspiring water, with 99.7% (north bioswale) and 51% (south bioswale) volume removal 
on average. In addition, both bioswales reduced overall concentrations of TP, but TSS and TN 
mitigation were less effective. The green alley similarly showed better TP than TN reduction; 
however, the green alley was likely influenced by a high groundwater table. 
5.1 Cream City Farms 
Both bioswales effectively reduced total effluent volumes. This was most likely caused 
by a combination of evapotranspiration and exfiltration. While the bioswales were installed with 
impermeable liners, these liners were most likely cracked, causing the bioswales to behave as if 
they did not have liners. There are two reasons to infer that volume reductions were largely due to 
cracking-related exfiltration. First, game trail camera footage from the vault showed evidence of 
water entering the vault through cracks adjacent to and near the bioswales. Second, a study 
conducted in North Carolina, which has a generally warmer climate than Southeast Wisconsin, 
found that evapotranspiration only reduced total volume by 19% (Li et al. 2009). While the 
apportionment of volume reduction to exfiltration and evapotranspiration requires further, more 
detailed analysis, it is difficult to imagine that the volume reductions seen in this study were 
caused entirely by evapotranspiration, especially for the north bioswale. Across all water quality 
parameters, total volume reduction enhanced total load reduction, so proper understanding of 
volume reduction methods could be helpful in understanding the effect that bioswales have on 
water quality. 
Effluent peakflows were miniscule in comparison to influent peakflows at median and 
average peak ratios of nearly zero for both the north and south bioswales. This may, in fact, be 
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the metric at which these installations were most effective. The bioswales were least effective at 
delaying peaks, even seemingly accelerating peaks at times. The mechanisms for this lack of 
delay are unknown, but considering the high degree of peak reduction, they should detract little 
from the evaluation of the bioswales’ overall performance. 
Both bioswales showed strong performance in the reduction of TP and DP concentrations 
and loads. If filtration of particulate phosphorus were the primary mechanism for phosphorus 
removal, there would probably have been little change, or even an increase, in DP concentrations, 
as in some of the existing literature (Clary et al. 2017). Therefore, there is likely significant 
sorption of DP to the soils or plant uptake, as suggested by Li and Davis (2016). It is therefore 
recommended that soil samples from the bioswales be tested for metals content and organic 
material, as the former enhances phosphorus sorption and the latter tends to leach DP (Li and 
Davis 2016). These tests could help further identify the causes of phosphorus removal in the 
bioswales. 
The bioswales were, on average, ineffective at removing TSS at influent levels under 25 
mg/L. This not unfounded in literature as other studies found net export of TSS from bioretention, 
which could be due to media flushing (Hunt et al. 2006, 2008). In addition, there was an increase 
in TSS concentrations at low influent levels and removal at high influent levels. Green 
stormwater infrastructure has been shown to have irreducible levels of pollutants (Brown and 
Hunt 2011a; Hunt et al. 2008; Passeport et al. 2009) and these results may suggest that the 
bioswales have an irreducible concentration of TSS. Finally, since regular cleaning of the flume 
boxes was impractical, there may have been a buildup of solids at the bottom of the effluent 
flume boxes that contaminated samples. 
The bioswales were less effective at mitigating nitrogen. Nitrogen removal in 
bioretention is a delicate matter: if anaerobic conditions are too persistent, nitrification of 
ammonia to nitrite and then nitrate can be inhibited (Hunt et al. 2006). However, if anaerobic 
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conditions are not sufficiently present, denitrification of nitrate to dinitrogen or nitrous oxide gas 
may not occur (Hunt et al. 2008). Furthermore, even if aerobic and anaerobic conditions are 
properly balanced through the incorporation of an internal saturated zone in the bottom of the 
structure, there may not be enough organic carbon for denitrifying microbes to use for 
denitrification (Passeport et al. 2009). It is therefore unsurprising that TN outcomes were mixed 
in this study. Testing of influent and effluent samples for different nitrogen species could be 
helpful in determining what processes may be hindered in the bioswales. 
5.2 Green Alley 
Overall, the green alley demonstrated flow and pollutant mitigation despite likely 
groundwater interference. The green alley produced a particularly notable finding: it appeared 
that the percentage of runoff resulting in overflow was smaller for larger storms, which goes 
against current notions that green infrastructure installations saturate during and produce more 
runoff during larger storms. However, it should be noted that the methods leading to this finding 
are based upon an assumption of negligible groundwater flows into and out of the green alley 
media due to a high water table. Therefore, future work at this site will include the use of a 
flowmeter at the pipe where combined underdrain and overflow effluent exits the installation and 
goes toward the sewer. By subtracting underdrain flow from combined effluent flow, it will be 
possible to compute the quantity of overflow. 
Filtration of particles appears to be a dominant process within the green alley. Removal 
of TSS was significant across all comparisons of influent vs. underdrain and effluent water 
quality. This shows that the pervious pavement and underlying media are effectively filtering 
solids out as water flows through. It appears that this likely includes the filtering of particulate 
phosphorus, as there were also significant decreases in phosphorus concentrations. While sorption 
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of DP to the underlying media cannot be ruled out, it has not been a frequent finding in the 
existing literature on pervious pavements and is therefore unlikely. 
The green alley did not produce any significant changes in TN loads or concentrations. It 
may be that the influent nitrogen is mostly dissolved and is therefore not filtered by the media. It 
also appears that either the anaerobic conditions or carbon sources necessary for denitrification 
are not present. 
5.3 Limitations of this Study 
There are limitations of this study that impact the interpretation of results. For both study 
locations we were unable to measure all influent directly. This is because water entered the 
system as overland flow, and therefore we were only able to get a representative sample of runoff 
from a fraction of the runoff area. This may introduce uncertainties due to variable pollutant 
loadings across the watershed. This also prevented us from measuring runoff volumes directly, 
and therefore they had to be estimated using a modeling approach. However, this limitation is in 
part a function of the system and one in which many monitoring studies operate (Braswell et al. 
2018; Li et al. 2009). At the green alley location there was interaction with the groundwater table 
that may have influenced the outcomes. Because of low flows observed in the outfall at nearly all 
times, it was assumed that this prevented infiltration of water. Furthermore, groundwater may 
have mixed with runoff in the underdrain effluent and therefore influenced the volume and 
concentration of pollutants. 
In addition to limitations from indirect measurements of input, there may be uncertainties 
from the monitoring approaches themselves. For example, measurements of level using pressure 
transducers can be subject to uncertainties from drift or measurement error (Alyousef and 
Babbar-Sebens 2018). Additionally, the measurement of water quality is subject to uncertainties 
from sample collection, processing, and laboratory analysis (Harmel et al. 2006). However, steps 
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were taken to reduce these uncertainties, such as calibrating pressure transducers, icing samples 
in the field, and testing in duplicate when practical, among others.  
5.4 Applications of this Study 
The performance of green stormwater infrastructure has important implications for 
stormwater management. For water districts, such as MMSD, knowing how well green 
stormwater infrastructure performs helps to properly allocate resources to meet their goals of zero 
basement backups, zero combined sewer overflows, and improved water quality (Milwaukee 
Metropolitan Sewerage District 2013). The results from the green alley indicate that it is effective 
at removing pollutants; however, the impact of a high groundwater table produces inadvertent 
consequences. The green alley was designed to exfiltrate water and completely empty within 72 
hours according to WNDR designs (Wisconsin Department of Natural Resources 2016), but this 
was not the case. The infiltration of water from the groundwater table into the underdrain was not 
a consideration in the study design and in this case it produces the opposite effect of what is 
intended – more water into the stormwater system then would otherwise be there without the 
green alley acting as a conduit. Therefore, stormwater engineers and managers may want to 
perform groundwater level case studies to determine the groundwater level in a potential location 
before implementing pervious pavements.  
The performance of bioswales indicates that this application was successful in mitigating 
pollutant runoff from an urban farm. This is important, as cities are increasingly turning to urban 
agriculture as a way to reduce their ecological footprint by providing more local produce and a 
way to reduce the prevalence of urban food deserts (McClintock 2008). As city planners consider 
future redevelopment efforts, green stormwater infrastructure may be an effective way to ensure 
that pollutant runoff from fertilized agricultural fields is treated before entering the stormwater 
system. 
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For regulators, understanding the pollutant removal efficiency of green stormwater 
infrastructure practices will help them to accurately attribute pollutant removal credits for 
infrastructure installations. In the case of Wisconsin, all municipalities must submit a stormwater 
permit for their stormwater discharge to the WDNR as part of the WDPES program mandated by 
the Clean Water Act. This permit must demonstrate pollutant reductions through a modeling 
approach that attributes percentages of pollutant removal for green stormwater infrastructure. For 
bioretention or bioswales, outflow from an underdrain is credited with 80% removal of TSS and 
0% TP; for pervious pavements this is 65% TSS and 35% TP (Wisconsin Department of Natural 
Resources 2015). In both cases, any water that is infiltrated receives 100% removal. 
For bioswales, this study indicates that flow through the underdrain did not meet the 
requirements of TSS with a median removal of 48% and -46% for the north and south bioswales, 
respectively. However, the south bioswale saw 91% removal of TSS for influent concentrations 
that are above 25 mg/L. Bioswales saw removal of TP concentrations with median reductions in 
the south bioswale of 69% and in the north bioswale of 71%. This indicates that modeled removal 
may underestimate pollutant removal from bioswales that collect runoff from urban agriculture. 
Although influenced by a high-water table, the green alley demonstrated a 97% reduction in TSS 
concentrations and 61% reduction in TP concentrations.  
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6. Conclusions 
6.1 Key Findings 
The main objective of this work was to evaluate the performance of bioswales and 
pervious pavements in mitigating runoff volumes and pollution. This was done through 
monitoring over the course of a year at two bioswale sites and one pervious pavement site. 
Results indicate that bioswales were effective at exfiltrating volume, delaying peak flows, and 
reducing nutrient loads. Both systems reduced concentrations of phosphorous but were less 
effective at mitigating nitrogen. The pervious pavement site was effective at reducing TSS 
concentrations and loads, but the bioswales were less effective. From this study there were 
several key findings that can be applied to green stormwater infrastructure in Southeast 
Wisconsin and, where reasonable, other locations:  
Bioswales 
• Significant exfiltration resulted in less than 10 underdrain flow events in the south 
bioswale and 4 events in the north bioswale in which effluent could be collected.  
• The bioswales had a significant difference in volume removal with an average volume 
removal of 99.7% in north bioswale and 51% in south bioswale. This may be due to 
cracking in the underground structure that conveys flow from the north bioswale.  
• Both bioswales had significant peak flow reductions.  
• The median TSS removal of 48% in the north bioswale and -46% in the south bioswale 
were less than the modeled reduction of 80% between the influent and underdrain 
effluent concentrations that is attributed to bioretention by state regulators. 
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• The south bioswale reduced concentrations of TSS by 91% for runoff events with 
influent concentrations greater than 25 mg/L. This may suggest at level at which 
sediment concentrations are irreducible.  
• Reduction of TP concentrations – 71% in the north bioswale and 69% in the south 
bioswale – may be due to particulate removal processes or phosphorus reactions with 
metals.  
• The Wisconsin DNR gives 0% removal credits for TP in the volume of water that is 
filtered through engineered soil and discharged to an underdrain (Wisconsin Department 
of Natural Resources 2015). This may be an area where credits can be reevaluated for 
urban farms.  
• Nitrogen removal was less effective and may be due to soluble form combined with lack 
of anaerobic conditions for biological removal.  
• Even in cases with increases in concentrations, the significant exfiltration of water 
resulted in a decrease in pollutant loads. 
Pervious pavements 
• Pervious pavements had consistent infiltration from groundwater flows. This prevented 
exfiltration of water during storm events and thus the ability for the green alley to reduce 
volume.  
• The average removal of TSS in the underdrain effluent of 97% and TP of 61% are more 
than what is credited by the WDNR. However, this may have been influenced by 
sampling methods or inputs from groundwater at the outfall.  
• Because of groundwater inputs, the green alley did not meet the WDNR requirements of 
a 72-hour drawdown time for pervious pavements. This challenge may need to be 
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reflected in stormwater design guidelines. On approach could be to require a groundwater 
survey before installation of infiltrative green infrastructure.  
• The ratio of underdrain effluent volume to overflow volume increases for larger runoff 
events. This could be due in part to interactions with the water table, where larger events 
result in a raising of the water table and therefore greater infiltration into the green alley. 
6.2 Future Work 
There are several areas for future work related to the monitoring of bioswales and 
pervious pavements. While this study demonstrates the improvements in influent and effluent, 
there are still questions regarding the specific processes that are driving pollutant removal. A 
more detailed monitoring approach that includes testing of different nitrogen species can evaluate 
the pollutant removal processes within the bioswales and pervious pavements and may shed more 
light on the mechanisms of pollutant removal.  
Furthermore, the impact of a high groundwater table on the performance of the green 
alley was an unanticipated but significant factor in the function of the green alley. It is unknown 
the extent to which the groundwater discharge had on the quality of the effluent concentrations, 
but it may be considerable. Analysis of background water quality taken from outflow samples 
taken more than 72 hours (time based on WDNR standards) after a storm could help separate 
inflowing groundwater quality from stormwater underdrain effluent quality. Future studies could 
also monitor a comparison site that is unaffected by ground water to determine the influence that 
groundwater inputs have on both flow and water quality. Furthermore, measurement of overflow 
will make it easier to obtain reliable results. 
The results show that the application of bioswales at this urban agriculture site are an 
effective means to reduce runoff volumes and improve water quality for nutrient loads and 
phosphorus concentrations. In areas in which nitrogen runoff is a concern, future work could 
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evaluate how a different green infrastructure design, such as one in which there is a saturated 
zone amended with a carbon source such as shredded newspaper or woodchips, could improve 
nitrogen removal. Specifically, the design of Cream City Farms site is advantageous for 
evaluating this type of study where one bioswale could be augmented with an upturned elbow at 
the outlet to allow for a saturated zone within the swale. This could also lead to future studies that 
evaluate the impact of farming practices – fertilizer use, tilling, vegetated buffers, etc. – on the 
runoff into and performance of the bioswales. 
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Appendix A. Bioswale and Green Alley Statistic Tables 
 The following tables show the water quality statistics for the bioswales and green alley 
monitored in this study. Statistics in the body of the document were taken from these tables. 
Table A.1. North bioswale quality statistics. 
 
median 
concentration 
(mg/L) 
average 
concentration 
(mg/L) 
median 
load (g) 
average 
load (g) 
influent 
    
total nitrogen 3.70 3.26 9.37 21.38 
total phosphorus 0.57 0.80 4.17 7.41 
dissolved phosphorus 0.40 0.52 2.22 4.89 
total suspended solids 50.80 71.70 142.37 1002.27 
effluent 
    
total nitrogen 4.53 4.53 0.00 0.04 
total phosphorus 0.46 0.33 0.00 0.02 
dissolved phosphorus 0.29 0.29 0.00 0.00 
total suspended solids 68.56 86.66 0.00 4.11 
reductions 
    
total nitrogen -3.98 -3.98 9.37 21.21 
total phosphorus 0.17  0.45  3.01  7.46  
dissolved phosphorus 0.11  0.11  1.47  4.82  
total suspended solids 47.42  2.06  0.71  0.67  
percent reductions 
    
total nitrogen -505% -505% 100% 100% 
total phosphorus 71% 49% 100% 100% 
dissolved phosphorus 28% 28% 100% 100% 
total suspended solids 48% -913% 100% 70% 
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Table A.2. South bioswale water quality statistics. 
 
median 
concentration 
(mg/L) 
average 
concentration 
(mg/L) 
median 
load (g) 
average 
load (g) 
influent 
    
total nitrogen 2.05 2.62 3.70 9.64 
total phosphorus 0.50 1.00 2.71 9.36 
dissolved phosphorus 0.29 0.38 1.42 2.42 
total suspended solids 17.14 92.89 88.54 1006.52 
effluent 
    
total nitrogen 0.80 0.90 0.00 0.39 
total phosphorus 0.10 0.12 0.00 0.11 
dissolved phosphorus 0.07 0.08 0.00 0.04 
total suspended solids 25.67 30.52 0.00 42.08 
reductions 
    
total nitrogen 0.80 1.08 9.11 9.56 
total phosphorus 0.28 0.62 2.51 6.95 
dissolved phosphorus 0.24 0.22 1.62 2.91 
total suspended solids -10.91 44.26 9.24 993.64 
percent reductions 
    
total nitrogen 46% 5% 99% -18% 
total phosphorus 69% 67% 99% 96% 
dissolved phosphorus 80% 77% 100% 99% 
total suspended solids -46% -249% 66% -124% 
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Table A.3. Green alley water quality statistics. 
parameter median 
concentration 
(mg/L) 
average 
concentration 
(mg/L) 
median 
load (g) 
average 
load (g) 
influent 
    
total nitrogen 1.35 1.69 38.11 37.43 
total phosphorus 0.11 0.15 3.16 3.87 
total suspended solids 51.16 68.19 1354.91 2281.65 
underdrain     
total nitrogen 1.53 1.53 16.41 47.82 
total phosphorus 0.04 0.05 0.60 1.04 
total suspended solids 1.34 1.71 22.86 37.52 
reductions (influent-underdrain)     
total nitrogen -0.18 0.16 21.70 -10.39 
total phosphorus 0.07 0.10 2.55 2.83 
total suspended solids 49.82 66.48 1332.06 2244.12 
% reductions (influent-underdrain)     
total nitrogen -13% 10% 57% -28% 
total phosphorus 61% 67% 81% 73% 
total suspended solids 97% 97% 98% 98% 
effluent     
total nitrogen - -       56.63        68.39  
total phosphorus - -         2.71          2.74  
total suspended solids - -     715.76   1,058.27  
reductions (influent-effluent)     
total nitrogen - - -18.53 -30.96 
total phosphorus - - 0.45 1.12 
total suspended solids - - 639.15 1223.38 
%reductions (influent-underdrain)     
total nitrogen - - -49% -83% 
total phosphorus - - 14% 29% 
total suspended solids - - 47% 54% 
 
 
 
